A novel range-resolved interferometric signal processing technique that uses sinusoidal optical frequency modulation is applied to multi-surface vibrometry, demonstrating simultaneous optical measurements of vibrations on two surfaces using a single, collimated laser beam, with a minimum permissible distance of 3.5 cm between surfaces. The current system, using a cost-effective laser diode and a fibre-coupled, downlead insensitive setup, allows an interferometric fringe rate of up to 180 kHz to be resolved with typical displacement noise levels of 8 pm Hz -0.5 . In this paper, the system is applied to vibrometry measurements of a table-top cryostat, with concurrent measurements of the optical widow and the sample holder inside. This allows the separation of common-mode vibrations of the whole cryostat from differential vibrations between the window and the sample holder.
INTRODUCTION
Interferometric signal processing techniques based on optical frequency modulation use the resulting phase modulation waveform within an interferometer with non-zero optical path difference (OPD) as a carrier in order to extract interferometric phase information. Range-resolved interferometric signal processing based on optical frequency modulation uses the proportionality of the induced phase modulation amplitude to the OPD to additionally demodulate and separate multiple return signals based on their range. In general, the use of optical frequency modulation enables self-referencing interferometric techniques, which offer simple, passive sensor configurations as well as high inherent stability and downlead insensitivity. These have applications in interferometric fibre sensing as well as in displacement sensing or vibrometry. Previous signal processing techniques based on optical frequency modulation include the wellknown pseudoheterodyne technique 1, 2 , using linear or sawtooth optical frequency modulation, which has also been employed for range-resolved multiplexing of interferometric fibre-coupled displacement sensors 2 . Sinusoidal optical frequency modulation schemes [3] [4] [5] [6] , where the modulation waveform contains only one frequency component and which are thus easier to implement than linear techniques have also been applied to interferometric fibre sensing [3] [4] [5] , and to vibrometry in a self-referencing setup on a single surface 6 . Among the sinusoidal techniques, the phase-generated carrier method 3 is used widely, but is not range-resolved and cannot multiplex interferometers using a single source and photo detector. Employing sinusoidal frequency modulation in conjunction with rectangular gating 4, 5 , however, allows interferometric sensors to be multiplexed based on their range 5 . In general, prior linear and sinusoidal range-resolved interferometric techniques 2, 5 required integer ratios between the OPDs of constituent interferometers to be maintained for proper operation. This makes the setup inflexible as well as leaving measurements susceptible to crosstalk from parasitic or unintended signal sources that do not adhere to the integer OPD ratio requirement. In contrast, a recently developed sinusoidal technique 7 , using a smooth window function instead of rectangular gating, permits continuously variable OPD placement of the signal sources, with no apparent penalty in linear operation or crosstalk as long as a minimum OPD separation between the constituent interferometers is observed, greatly increasing the practicality of the approach.
In this work, this novel range-resolved signal processing approach 7 is applied to multi-surface vibrometry, where a single laser beam is used to achieve simultaneous and independent interferometric measurements of the vibration of two surfaces. In general, in multi-surface vibrometry, the flexibility of the continuously variable OPD placement that the wn in Fig. 3(b In the curren interferometr low-pass filte r is received. er angular tole Fig. 4(a) Fig. 5(b) . In contrast, the differential signal between the OVC and the sample holder in the X-direction shows a vibration at ≈ 95 Hz, which is visible in the inset in Fig. 5(b) , and that can thus be attributed to a mechanical resonance of the sample holder structure itself. The most striking result presented here is the differential signal in Fig. 5 (f), which shows that in the Z-direction, even in the presence of the 1 Hz coldhead piston movement, there is a complete absence of any high-frequency differential vibration signals or mechanical resonances of the sample holder. Furthermore, this measurement also demonstrates the complete suppression of common-mode vibrations that are clearly present in Fig. 5(e) , but are absent in Fig. 5(f) , highlighting the very high measurement quality that can be obtained with the presented multi-surface vibrometry approach.
Noise levels were determined from the differential signal in the Z-direction, recorded when the cryostat cooling system was switched off. As can also be seen in Fig. 5(f) , this signal can be expected to be mostly free from environmental noise sources, because these are assumed common to both signal sources and no mechanical resonance appear to exist in the Z-direction. The resulting instantaneous noise standard deviation for the differential signal in Zdirection is 3.4 nm, corresponding to a typical displacement noise level of ≈ 8 pm Hz
. . From further measurements it is known that the noise shows a clear range dependency, which indicates that the noise behaviour is dominated by laser phase noise, as would be expected for DFB-type lasers that generally show strong phase noise 10 . Regular commercial vibrometers use low-noise Helium-Neon lasers and can be operated in an OPD-balanced setup. Noise levels in commercial vibrometers 11 of 0.05 pm Hz . can thus be achieved, which is considerably lower than the proposed system. However, we believe that there are many applications where the measured displacement noise is not the limiting factor. Instead, the possibility of suppressing environmental noise sources by local referencing of the measurement can be a much more important practical advantage. The ability of this approach to perform common-mode vibration suppression was clearly demonstrated by the example measurements in this paper, where common-mode movements of the cryostat are suppressed to a high degree in the differential signal, as evident in Figs. 5(b), 5(d) and 5(f). Furthermore, the technique allows the suppression of spurious reflections based on their range and also permits the verification of the range of the return signals, which can be useful in practical operation in order to exclude reflections from surfaces that are not of interest. Also, there is no reason why the approach could not be extended to more than two measurement surfaces if required. In general, the low-cost implementation and the simplicity of the fibre-coupled setup means that the system could have applications for permanently installed displacement or vibration sensors, even if only a single surface is evaluated.
CONCLUSION
A novel range-resolved interferometric signal processing technique has been applied to multi-surface vibrometry. Using a very simple fibre-coupled optical setup with complete downlead insensitivity and with component costs totalling less than £3k, simultaneous measurements of the vacuum window and the sample holder inside a table-top cryostat have been obtained, with the ability to separate signals down to a minimum distance of 3.5 cm. Vibration measurements with typical displacement noise levels of 8 pm Hz -0.5 have been demonstrated and the results highlight the ability of the technique to separate common-mode vibrations of the whole cryostat from differential vibrations between the sample holder and the window. Future applications are envisaged in areas where the cost-effectiveness and robustness of the setup would allow permanently installed vibration or displacement sensors to be used or where the ability for local referencing of the desired signals using a window close to the target would allow the suppression of environmental noise.
